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ABSTRACT
Calmodulin is the quintessential member of the EF-hand family of calcium
binding proteins. Two mutants of the C-domain of Calmodulin were created as a series
of proteins that can be used as model 1-site calcium binding systems,
terminal glutamate in Site 3 was mutated to either glutamine or aspartate,
mutations were expected to abrogate binding in the mutated site such that only Site 4 is
functional. There was minimal overall perturbation to the folding and stability of the
apo-state. Calcium binding properties of these mutant proteins were investigated by
1) direct titrations with calcium were performed under equilibrium conditions monitored
by fluorescence and circular dichroism signals,
2) calcium binding constants were deduced from calcium-dependent  urea denaturation
experiments,




These experiments showed that the glutamine mutant was higher affinity than the
aspartate mutant. The aspartate in Site 3 apparently disrupted the structure of Site 4
leading to lower affinity for calcium,
significantly lower affinity than calcium-binding constants derived from the calcium-
dependent urea denaturation studies. This discrepancy is not due to the structural
phenomena that are monitored by different spectroscopic signals. It is likely that the
These direct titration experiments were
higher affinity calcium-binding constants derived from the urea denaturation experiments
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INTRODUCTION
Calmodulin is a small acidic protein with a globular structure and a molecular
weight of 16,600D. It is a representative of the EF-hand family of Ca^'^ binding proteins,
which bind calcium with a particular helix-loop-helix motif (Figure 1). Calcium is the
most abundant mineral element in the body and it plays an essential role in cell and nerve
signaling, muscle contraction, fertilization and cell division (7). Calcium interacts with
calcium sensing proteins in cells to trigger biological effects and regulate physiological
processes. Calmodulin is present in all eukaryotic cells and it performs its functions in a
calcium-dependent manner, hence the name, CALcium MODULated protelN.
Calmodulin is a single polypeptide chain with 148 amino acid residues; its
sequence is highly conserved throughout nature and evolution,
structural domains, the N- and C- terminal domains, which are very similar to one
another and exhibit concomitant activity. The two domains each have two functional
helix-loop-helix EF-hands that bind calcium; the N-terminal domain is assigned sites 1 &
2 and the C-terminal domain is assigned sites 3 & 4. The two domains are found on
opposite sides of the polypeptide backbone and they are joined by an a-helix segment
called the “central helix”\
It has two major
It is possible to cleave the domains in the central helix region and study the
characteristics of the individual domains independently. Isolated N- and C-terminal
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domains are folded and bind calcium (2-5). The C-terminal domain was isolated and
selected in this study because of the presence of  a tyrosine whose fluorescence signal is
calcium dependent. This provides for two spectroscopic signals with which to monitor
calcium binding- fluorescence (environment of tyrosine) and circular dichroism
(secondary structure). There are twelve residues in Sites 3 & 4 of the C-domain (Fig 2).
The 12 position at each site is the critical terminal glutamate position and offers both of
its side chain oxygens to chelate the calcium ion. This glutamate is conserved in the EF-
hand family of proteins (6). Single binding site mutants of the C-domain can be created
by disabling one of the 2 critical glutamates. This is done by replacing the glutamate
with glutamine or aspartate (Fig 2). Glutamine is similar to glutamate’s side chain
length. The difference between them is that glutamine has an amino group instead of the
oxy anion present in glutamate. Aspartate has a shorter side chain length because it has
one less methylene group in its side chain than glutamate, but the negative charge is
preserved. Although these are “conservative” mutations, removal of the 12^ glutamate
abrogates binding in the mutated site. Since calcium binding is cooperative, annihilating
the functionality of one of the ligand binding sites would impair binding of calcium to the
C-domain. The overall calcium binding affinity to the C-domain would decrease and this
facilitates monitoring of binding events and signals. There are hydrophobic clefts in each
domain that become exposed upon binding of calcium and the conformational change
induces upon such binding allows for the characterization of the calcium binding
properties of the mutants.
There are two major approaches to determining calcium binding constants that are
employed in our laboratory. Calcium binding constants can be determined directly by
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calcium titration of the proteins (7, 8). Calcium binding constants can also be derived
indirectly by monitoring the calcium-dependent changes in stability of the proteins. The
studies reported in this thesis were motivated by  a curious discrepancy in binding
constants determined directly and indirectly for mutants of Site 3 of the C-domain of
calmodulin. The original studies were comprised of direct calcium titrations monitored
by fluorescence spectroscopy and indirect calcium titrations derived from calcium-
dependent difference in stability monitored by circular dichroism spectroscopy. The
concern was that the difference in the calcium binding constants was due to the fact that
different spectroscopic signals were measured. Also, note that there was no discrepancy
between these two methods for mutants of Site 4 (9).
This work reports results from several complimentary experiments on both Site 3
and Site 4 mutants aimed at bridging discrepancy in existing experiments. First, direct
titrations monitored by circular dichroism were compared to those monitored by
fluorescence. Second, direct titrations under stoichiometric conditions allowed for
Third, detailedelucidation of the stoichiometry of the calcium-protein interaction,
spectra in the presence and absence of calcium illustrated that there are calcium
dependent structural changes in the wild-type and mutant proteins.
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Ribbon drawing of the Ca'^^-saturated C-terminal domain of calmodulinFigure 1
{10). The Ca backbone of residues 76-148 are illustrated as a ribbon
(PyMol; www.pymol.org). Short regions of P-sheet connect the sites as
shown by the arrow section of the ribbon.
4
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Figure 2 Amino acid sequence of the C-domain calmodulin. The bold lettered
amino acids are the 12 residues in the loop region and they serve as the
calcium-binding site (Site 3 = residues 93-104; Site 4 = residues 129-
140). The terminal glutamates (12^ position) is a bidentate chelator of
calcium. The backbone carbonyl of the residue in position 7 chelates the
Position 9 interactions with the calcium are meditated by acalcium.
water. El04 and E140 are mutated to either D or Q in the proteins studied
here. The residues denoted X, Y, Z,-Y,-X, and -Z provide oxygen ligands
to the Ca^"^ ions (pentagonal bipyramidal geometry). The Tyrosine residue
(Y138) used as the fluorescence probe and it is indicated by the red Y.
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The expression plasmid for the C-domain of wild-type rat calmodulin was a gift
from M. A. Shea (U. of Iowa). The gene was cloned into a pET7-7 vector between N<iel
(5' end of gene) and the 5amHI (3' end of gene) restriction enzyme sites (2). Mutants
were created by following the instructions for the creation of mutagenic primers that were
provided with the Quickchange Mutagenesis Kit from Stratagene (LaJolla, CA). Two
pairs of complimentary primers were synthesized, purified, and quantitated by
MWGBiotech (Charlotte, NC). All controls specified in the mutagenesis kit were
utilized. The DNA sequences of clones of wild-type and mutant proteins were confirmed
at the University of Iowa DNA facility. Expression plasmids were transformed into
BL21(DE3) cells for overexpression. Cell stocks were frozen in 16% glycerol at -70 °C.
The cloning was performed by Kenosha Hobson and Nicole Housley.
There were two sets of mutants created. EI04D and E104Q are the D and Q
mutants of the critical glutamate in Site 3. We designate these E3D and E3Q respectively
to illustrate that these two mutants have a disabled Site 3. E140D and E140Q are the D
and Q mutants of the critical glutamate in Site 4. We designate these E4D and E4Q
respectively to illustrate that these two mutants have a disabled Site 4.
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Overexpression and purificationB.
Standard overexpression protocols were followed (II). A single colony from a
streak of transformed cells on LB/agar-Amp (100 jLtg/mL) plates was used to inoculate an
overnight culture (LB-Amp, 100 /xg/mL). One-liter cultures (LB-Amp, 100 lig/mL) were
supplemented with 50 mL of 1 M potassium phosphate, pH 7.4 and 20 mL of 20%
glucose, then inoculated with 5 mL of overnight culture. Large cultures were incubated
at 37 °C for approximately 4 hours before induction with 0.4 mM IPTG. Two hours post
-induction, cells were pelleted by centrifugation and frozen until needed. Frozen cells
were thawed and lysed by sonication. Calcium was added to the crude extract to 10 mM
and the solution was heated to 80 °C for 10 minutes to precipitate impurities. Heat-
treated material was cooled on ice for 10 minutes before centrifuging.
Soluble proteins were purified by hydrophobic interaction chromatography on
Phenyl Sepharose FF (Pharmacia) following a modified protocol of Putkey et al (72).
Proteins were adsorbed to the Phenyl Sepharose stationary phase in high calcium/low-salt
conditions followed by a step gradient to high-calcium/high-salt  conditions,
returning to high-calcium/low-salt conditions, the proteins were eluted from the column
in an EGTA/low-salt buffer. Note that the E4Q protein did not adsorb to the phenyl
Sepharose column. This protein was purified by Size Exclusion Chromatography. The
proteins were extensively dialyzed against water and lyophilized. The purity of the




c. Quantitation and characterization
A concentrated stock of each purified C-domain mutant was prepared by diluting
10 mg of lyophilized protein in 0.5 mL of water. This stock was diluted into a buffer
with a composition of 2 mM HEPES, pH 6.5, and 100 mM KCl. A corresponding
extinction coefficient for each mutant protein at 280 nm was used in the quantitation.
The extinction coefficients were calculated in 6M Guanidine HCl with a protocol
established by Pace et al (13). The number of tyrosines, tryptophans and cystines were
used to calculate the extinction coefficient and given that Calmodulin has 2 tyrosine, 0
tryptophan and 0 cysteine residues, the Beer-Lambert equation was used to determine the
extinction coefficient in 6 M Guanidine HCl. This value was used to determine the
concentration in the stock solution and the extinction coefficient conditions.
UV-vis spectra were taken in a 1cm or 0.4 cm quartz cuvette from 350 to 200 nm
using the background correction function against buffer. Circular Dichroism (CD)
spectra were taken (AVIV Stopped Flow Circular Dichroism Spectrometer-Model
202SF) in a 1-cm-path cell at 5 /xM protein at 25 °C, 5 seconds averaging time, 1 nm
band width from 300 to 200 nm with EGTA added to  a final concentration of 20 j^M in 2
mM HEPES, 0.1 M KCl, pH 6.5. Spectra were not corrected for background.
Spectral Signal EnhancementD.
Using a Jobin fluorimeter, the fluorescence emission and excitation
spectra of the proteins was measured with emission set at 308 nm and excitation scanned
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from 250 nm to 300 nm. The measurements were executed at 25°C, a path length of
1cm, using 4 nm bandwidths and protein concentrations of 5 pM and a calcium
contamination of -10 pM. The procedure was replicated for the emission spectra
measurements with excitation set at 277 nm and emission scanned from 280 to 350 nm.
This was repeated with EDTA added to the protein,  2 mM Ca^"^, and then 200 mM Ca^"^.
The spectral signal enhancement was also monitored using CD. Wavelength
scans of the different proteins were done from 200 nm to 300 nm, with a 15 s averaging
time at 25 °C. The buffer used was 2 mM HEPES, 100 mM KCl, pH 6.5 and the protein
concentration was approximately 70 pM. A quartz cuvette with a path length of 0.02 cm
was used. All measurements were repeated with EDTA added to the protein, 2 mM Ca^"^,
and then 200 mM Ca^"^.
Direct Calcium Titrations of Mutant ProteinsE.
Tyrosine fluorescence was monitored on a Jobin Yvon Fluoromax 3 fluorimeter
with the excitation at 277 nm and the emission at 308 nm with a 1-second averaging time
at 25 °C. The titration was done by preparing 4 mL of protein solution at 2 pM total
protein concentration in 20 mM HEPES, 100 mM KCl, pH 6.5. Two mL of the solution
was placed in the cuvette and titrated with calcium by small volume additions of calcium
chloride stock solutions. Contaminating calcium in our buffers was measured to be less
than 10 pM using atomic absorption spectrometry. The total calcium added was assumed
to be equivalent to the free calcium. The low calcium endpoint was found by addition
EGTA to a final concentration of 1 mM to the remaining 2 mL of protein solution and
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measuring the fluorescence signal. Calcium titrations of WT C-domain were done using
the technique of Tsien and Pozzan {14).
Calcium binding was modeled as involving one calcium ion according to the
chemical equation below.
N + Ca^^ ir^N-Ca (1)
This equilibrium is governed by Ka, the calcium association constant, which is related to
the mole fraction of bound species (Xb) according to Eq 2.
K,[Ca^n
(2)
Binding data were fit to Eq 2 with adjustable slope and intercept endpoint parameters.
The low calcium endpoints were not well defined in some of these titrations and were
estimated based on the expected fluorescence signal enhancement upon the binding of
calcium and the signal value at the high calcium endpoint. The fluorescence signal of the
sample before calcium was added was assigned a free calcium concentration of 10 p,M
based on results from atomic absorption. However, because of the weak calcium binding
affinity of the mutant proteins, results were not significantly affected by low levels of
contaminating calcium.
Calcium binding was monitored on the CD and the titration was done by
preparing 1 mL of protein solution at 5 pM total protein concentration in 10 mM HEPES,
100 mM KCl, pH 6.5. The solution was placed in the cuvette and titrated with calcium
by small volume additions of calcium chloride stock solutions. The measurements were
read using the 0.4 mm-path cell, wavelength range of 200-300 nm, and 5-seconds
averaging time at 25 °C.
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Calcium- dependent Stability StudiesF.
Urea denaturation of the proteins was monitored with CD spectroscopy at 222 nm
and at 25 °C. These were constant volume titrations in which a solution of protein in high
urea was added in precise ratios to a solution of protein under native conditions. The Ca
was varied from 20 fiM EGTA (apo conditions), 100 jLiM, 200 fiM, 1 mM, and 10 mM
Ca^"^. In order to resolve stability and binding free energies simultaneously, calcium-
dependent urea denaturation data were analyzed according to the following equations.






AGobs = AG°un - m-value« [D]
The [D] isin which AG°un is the intrinsic ability of the protein in each buffer condition.
The m-value is the sensitivity of thethe concentration of denaturant. protein to
denaturant; the greater the m-value, the more sensitive the protein.
The fraction unfolded is given by the equation below.
[U]
(4)
Equation 4 can be reformulated in terms of the equilibria outlined in Eqs 2 and 3.
Ko (5)bsXU
13
With this formulation, the following assumptions have been made regarding the relative
signals of species:
1) the signals from each species contribute according to their mole fraction to the total
signal
2) both of the native species have the same signal
3) the native and unfolded signals are not the same.
For binding to the native state, assumption 2 above is an approximation. The
binding of calcium to the native state induces a realignment of the protein that yields a
greater CD signal at 222 nm (an apparent increase in helicity of approximately 15 %; see
Thus, the assumption of equivalent signals from native species is anTable 2).
approximation.
The calcium binding constants that are derived from Eq 5 will be the apparent
calcium binding constants that are determined from the shift in the urea denaturation
profile as calcium is added. In order to account for the effect of the denaturant upon the
apparent calcium binding constant, we used a linear equation in the same form as Eq 3 as
shown below
AG„=AG“-m„-[D] (6)
where AGa is -RTlnKa, AG°is the free energy for calcium binding in the absence of
denaturant, and is the slope of the dependence of the association free energy on
denaturant. These data are not shown here.
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Stoichiometric TitrationsG.
Concentrated stocks of proteins (~ 200 [iM) were titrated directly with CaCb
while monitoring the fluorescence signal. The excitation spectra were read at 277 nm
and the emission spectra were read at 308 nm. The experiments were performed in a 1





Molecular weights of the proteins were confirmed by mass spectrometry by the
Molecular Analysis Facility at the University of Iowa (Table 1). The proteins had the
expected molecular weights based on mass spectrometry except for E4Q which was 6
g/mol higher than the expected molecular weight. This protein was analyzed on a
different day than the others and could be due to the calibration difference in the
experiment. It does not represent an undesired mutation in the protein.
B. SDS-PAGE Analysis
The mutants and WT- Calmodulin were run on 17% Tris Glycine gels and their
migration was compared to low molecular weight standards. The comparative gel of the
native and saturated states of the mutant proteins showed equivalent migration; however,
the wild type and E4Q migrated faster than the other mutant forms both in the apo and
saturated states (Figure 3). The wild type protein migrates faster in the calcium saturated
state than in the apo-state. This is due to retention of the calcium which leads to
anomalously small apparent molecular weight.
16










The table shows the comparison between the expected and experimental molecular
weights of the proteins. The Mass Spectrometry values were determined by a MALDI-
TOF experiment in positive ion mode performed by the Molecular Analysis Facility at
the University of Iowa. The expected molecular weights were based on the amino acid




Figure 3 SDS-PAGE gel of mutant and WT-proteins. Molecular weight standards
are in lane 1 and span a range from 66 to 14 kD. The lanes are loaded in the
order wild type, E3D, E3Q, E4D and E4Q with approximately 5 |ig/lane.











Figure 4 shows a comparison of the fluorescence and CD spectra of wild type and
the mutants that were taken in the presence of EDTA (native state), 2 mM Ca^"^ (high
calcium) and 200 mM Ca“’*' (very high calcium). The wild type protein has the highest
emission and excitation spectra relative to the mutants and the D mutations were more
debilitating to the fluorescence signal than Q mutations (Appendices). The ESQ mutant
has nearly as large spectral changes as does the wild type protein. The other site 3
mutant, E3D, had less calcium-dependent spectral changes than the wild type.
Circular Dichroism spectra are used to determine the helical content of a
macromolecule and such macromolecules usually have two minima observed around 212
nm and 225 nm (15). The technique of Circular Dichroism spectroscopy works due to
the differential absorption of circularly polarized light; the chirality (secondary structure)
of the molecule will result in differences in the absorption in the right- and left-handed
rotations. CD spectra obtained reflects this difference in the absorption signals. In the
native state, all the mutants were folded with a predominance of helical structure as
exhibited in the CD spectra (minima at 222 and 208 nm). However, in the saturated state.
the proteins adopted a greater helical conformation and hence a more pronounced CD
signal particularly at 222 nm. A comparison of the CD spectra of the wild type and the
mutants at high calcium concentration showed that all the proteins had the same a-helical
There was no significant change in the CD spectra at very high calcium




Site 3 mutants were more similar to WT in fluorescence enhancement because the
Y138 has a greater response to binding in Site 4 than it does to binding in Site 3 alone.
The CD signal enhancement of the mutants was similar to each other but less than
The CD signal enhancement for the E3D and E3Q mutants is less than that forWT.
This may indicate that these mutants are less structured in the bound state.E4D.
Without detailed structural deconvolution and the E4Q data, interpretation of these data is
problematic.
21
Figure 4 Circular Dichroism Spectra for E3D and E3Q mutants. Wavelength 200-
300 nm, Inm bandwidth, 0.037 mm slitwidth, 0.2mm path, 5 sec averaging
time, 70 fiM Protein. Buffer - 2 mM HEPES, 100 mM KCl, pH 6.5.
















-10 - E3D- EDTA
E3D- 2 mM























Signal Enhancement of the mutant proteins resolved from fluorescence andTable 2.
CD spectral signal enhancement experiments. The enhancement is











D. Direct calcium titrations
The result of the fluorescence direct calcium titrations of wild type and the
mutants at different calcium concentrations is shown in Figure 5A. The fluorescence
titration curve obtained for the wild type was significantly shifted to the left away from
the curve for the mutants and it plateaus around O.lmM. The ESQ mutant was higher
affinity than the other mutants. Its binding affinity was closer to that of the wild type
relative to the other mutants. These experiments do not address the stoichiometry of the
interaction. E3D, ESQ, and E4D had identical affinities.
The CD experiments data were considerably noisier than the fluorescence
experiments (Figure 5B). The midpoint of the transitions for ESD, E4D, and E4Q are
dispersed over a 5 fold region, representing much larger difference in their affinities than
observed for fluorescence measurements. E4D was significantly higher affinity than ESD
and E4Q.
The resolved binding constants from these direct titration are reported in Table S.
The data obtained from the equilibrium titrations was used to resolve binding constants
for the proteins and single binding constants were computed for the mutants because they
bind only one calcium ion due to the disabled Site S or 4. However, two binding
constants were computed for the WT because the two calcium binding sites are functional
and it binds 2 calcium ions cooperatively. Titrations monitored by fluorescence and CD
yielded similar calcium binding constants indicating that the results are independent of
the spectroscopic signal being monitored.
-24-
Wild-type could not be titrated properly and the binding constants reported in
Table 3 are from an experiment in which high and low calcium buffers were mixed in
precise ratios {14). The resolution of wild-type binding constants was not possible in
other approaches because of the low levels of contaminating calcium and the high affinity
of the sites.
-25-
Figure 5 Direct Titration Spectra for WT, E3D, E3Q, E4D, and E4Q proteins.
Spectroscopic signals are normalized for the fitted endpoints for comparison
purposes.
(A) Fluorescence emission signal at 308 nm
(B) CD signal at 222 nm
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These studies were performed by other members of the lab and are included to
highlight the indirect method for deriving calcium binding constants. The proteins unfold
in urea as witnessed by a decrease in the helical signal at 222 nm. The mutant proteins
have similar stabilities to the WT-protein (Table 4). These values were resolved from the
Apo data set circles in Figure 6A-D. The stability of Site 3 mutants was similar to WT
and the Site 4 mutants were more stable than WT.
As calcium is added to the protein, the unfolding curves move to higher urea
concentrations, indicating a Ca^'^ stabilization of the proteins. From this Ca^'^-dependent
displacement, calcium binding constants were derived. The derived calcium binding
affinities resolved for the mutants were in the same relative order as those resolved from
the fluorescence experiments with E3Q > E3D > E4D  = E4Q (Table 3). However, the
binding constants of E3D and E3Q mutants resolved from the simultaneous analysis of
calcium-dependent urea denaturation studies were of higher affinity than that resolved
from the fluorescence study (Table 3).
There was no spectroscopic signal dependent difference in the binding constants
resolved from the CD and fluorescence measurements. That is, binding constants from
fluorescence experiments for E3D and E4D were a factor of 1.5 to 3 smaller than the CD
experiments. On the other hand, the binding constant from fluorescence experiments for
E4D was a factor of 2 higher than the CD experiments. Thus, these two methods agreed
within a factor of 2 to 3 with each other.
-28-
The E3Q mutant binds calcium with sufficient strength such that contaminating
calcium complicates the experiments. Direct titrations monitored by CD were performed
on E3Q, but the Apo baseline was not resolved. It was clear from the CD experiments
that E3Q binds calcium with significantly higher affinity than the other mutants.
E. Stoichiometric Titrations
The binding constants resolved from the single site binding model fluorescence
stoichiometric titrations for E3D and E4D are consistent with results obtained from the
equilibrium titrations, and they were within the same range of binding constants. High
calcium concentrations and protein inactivity offset the binding events for the E3Q
mutant, hence the irresolution of its binding constant. These experiments confirmed that
the E3D, E3Q, and E4D mutants bind only one Ca^'*'-ion at concentrations up to mM
Above 10 mM, there was some additional signal change, but it is not knownrange.
whether this is specific to calcium or a salt dependent effect.
-29-












Wild- Unresolved Unresolved UnresolvedK] = 27,000 ±3,000
K2 = 6.2{± 0.1) e
10
type
E3D 6000 12,0003700 ± 500 3,900 ±400
E3Q Unresolved 46,000 -ND-16500 ±2800
10000 4,600E4D 3,160 ±2603500 ± 800
E4Q 2000 5,200 -ND-4000±1000
-ND- indicates Not Determined




Calcium-dependent urea denaturation transitions of E3D (A), E3Q (B),Figure 6
E4D (C), and E4Q (D) mutants. Data are CD signal at 222 nm normalized
to the fitted endpoints.
The figure legend is as follows:
(o) Apo,
(T) 100 ̂ M,
(□) 200 /iM,
(V) 1 mM, and
2+(A) 10 mM Ca
Dashed lines are results from fits of Eq 3. Data for 10 mM was not
included in the fi t. It is shifted to higher calcium concentration, which
illustrates that a second ligand can bind to the mutants if the calcium










E3D 2.46 ± 0.02 0.903 + 0.009
E3Q 2.30 ±0.01 0.901 ± 0.005
E4D 2.65 ± 0.04 0.85 ±0.01
E4Q 2.99 ± 0.03 0.958 ± 0.009
WT 2.42 ± 0.05 0.95 ±0.02
Analysis of calcium-dependent urea denaturation data (Fig 6).




Figure 7 Stoichiometric titration of E3D - Fluorescence signal at 308 nm is plotted
versus the total calcium. The contaminating calcium was determined to be
5juM by atomic absorption spectroscopy. The concentration of protein was
220 /tM, which is 40 times greater than in the equilibrium titrations
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Wild type: Calcium binds cooperatively to the sites in the C-terminal domain of
calmodulin. This means that the binding of the first ligand increases the affinity for the
binding of the second ligand. This effect has been discussed thoroughly in the literature
for decades (c.f (76-/9)). If we assume that the intrinsic affinity of both sites is
equivalent then we can calculate that affinity and the apparent cooperativity based on the
value for K2 reported in Table 3. That is, assuming equal intrinsic affinity, each site in
the C-terminal domain binds calcium with an affinity of 35,000 M'^ and with a
cooperativity constant of 50. These results (at pH 6.5) are similar to those from model-
dependent analysis of fluorescence data of the identical construct by Sorensen et al that
indicated the intrinsic affinity of Sites 3 and 4 (assuming that they are equal) is -50,000
M * at pH 7.5 (2). Masino et al reported estimates of intrinsic affinity of 22,000 M ̂ at
pH 8.0 and 22 °C (assuming a cooperativity of 50) (5). Thus, our results compare well to
results from the literature under similar experimental conditions.
Single-Site Mutants: Mutations that abrogate binding to one of the sites in the C-terminal
domain have a profound effect on the domain as a whole. This effect will manifest as a
loss in affinity for calcium, not only for the mutated site but also because of the loss of
the cooperativity factor of 50. In addition, we might expect that the mutation would
-36-
cause a conformational change in the apo- and in the calcium bound states. Since we
monitor binding through calcium-dependent changes in spectroscopic signals, we might
expect that these signals may not monitor equivalent events in mutant and wild type
proteins.
We chose mutations to the C-domain that were known to impair calcium binding,
but not folding of the native state {20). Thus, the proteins under study here (E3D, E3Q,
E4D and E4Q) were expected to be folded in the apo-state. Mutations to the short
sheet region of the C-domain were avoided as they have been shown to destabilize the
apo state (27, 22). Interestingly, the wild type calmodulin in the yeast S. cerevisiae has a
dysfunctional Site 4 (E140D) {23).
Either mutation of Site 4 leads to significant loss in affinity for calcium at Site 3.
That is, we expect the unmutated site to bind calcium with its intrinsic affinity (35,000 M
if its properties were unaltered by a mutation in the neighboring site. The actual
affinity is 3,500 to 5,200 M'^ depending on the method used to measure it. This loss in
affinity at Site 3 is independent of the mutation; both mutations in Site 3 cause the same
loss of affinity at Site 4.
Mutations at Site 3 are not equivalent in terms of their affect on the binding of
calcium to Site 4. E3Q has an affinity that is very similar to the intrinsic affinity of that
site in the wild type protein. The E3D mutation has a much more profound affect upon
binding at the unmutated site. Why? We speculate that since the Q mutation removes
the negative charge from the 12^ position in Site 3, the conformation of the apo-state is
much closer to that of the bound state. This slows Site 4 to bind ligand with an affinity
closer to that of the wild type.
-37-
B. Comparison of Direct and Indirect Titrations
The indirect method for determining binding constants yielded estimates that were
2 to 3 fold greater than that from direct titrations. This may indicate that the native state
is less structured in the presence of urea, leading to a larger AG° of binding. This was not
observed for the Site 4 mutants. We speculate that this is due to the fact that Site 3 is
disordered in the apo-state in the wild type protein {24).
C. Stability
Interestingly, all the mutants had similar stabilities as the wild type protein. The
Site 4 mutants were slightly more stable than wild type and the Site 3 mutants. In each
case the D mutants were less stable than the Q mutants. This is likely due to charge
repulsion destabilizing the apo-state.
D. Spectroscopic Signal
The data presented in this thesis illustrate the following points. Results of direct
titrations are similar regardless of the spectroscopic signal that is monitored. This is
interesting for reasons specific to each spectroscopic probe. The fluorescent probe is in
Site 4, but monitors faithfully binding to either site. The CD signal monitors helicity and
yields similar calcium-dependent signals for all constructs in spite of the fact that there is
a significant difference in the calcium-binding affinity.
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E. Future Directions
Direct titration and competition titration experiments by Isothermal Calorimetry
of wild type and the four mutants are underway in the laboratory. These experiments are
important to confirm all the previous resolved binding constants. Secondly, they provide
an alternative to a spectroscopic signal for measuring binding to the proteins.
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